Introduction
Hippocrates' medicinal repertoire over 2000 years ago included arsenic, which was also recommended as an antileukemic agent in Sir William Osler's 1892 first edition of The Principles and Practice of Medicine. Although arsenic has long been regarded as a carcinogen and toxin (1−4) , clinical studies in China, subsequently confirmed elsewhere, demonstrate the dramatic effect of arsenic trioxide in the therapy of acute promyelocytic leukemia (APL) (5−8) .
APL accounts for 10% of adult acute myeloid leukemia and presents with coagulopathy and a specific chromosomal translocation, t (15;17) , that results in the fusion protein PML-RARα (9) . The prognosis of APL dramatically improved after introduction of alltrans retinoic acid, which leads to as high as a 95% remission induction (9, 10) . However, emergence of resistance to all-trans retinoic acid is rapid and salvage therapy is needed.
Arsenic trioxide has proven to be effective against APL that is refractory to all-trans retinoic acid and conventional chemotherapy (5−8) . Although the exact mechanism of arsenic efficacy remains unknown, it appears to exert its antitumor effects by activating apoptosis (5, 7) . Some reports attributed its effect to induction of reactive oxygen species (11−14) . Arsenic also can induce degradation of the PML-RARα fusion protein, and this effect was thought to underlie arsenic anti-APL activity (15, 16) . However, since the presence of PML-RARα fusion protein is neither necessary nor sufficient for the efficacy of arsenic (8, 17) and arsenic induces apoptosis in other cancer cell lines lacking PML-RARα (17) , alternative mechanisms must be considered.
In this report, we find that arsenic potently inhibits the transcription of the reverse transcriptase subunit of the human telomerase gene (hTERT). Telomerase is an enzyme that maintains the length of chromosomal ends or telomeres, which otherwise would progressively shorten after each cell division (18) . Although not universal, telomerase activity is frequently found in advanced cancer cells and is important for continuous cancer cell proliferation (19, 20) . Since most cancer cells lacking telomerase showed sluggish growth and death, telomerase has become an attractive target for anticancer treatment (21, 22) . There is, however, a dearth of small-molecule chemotherapeutics that specifically inhibit telomerase. Interestingly, cells lacking telomerase are paradoxically prone to genomic instability and carcinogenesis (23−26) . In this report, we describe arsenic as a potent inhibitor of hTERT expression, and this effect appears at doses comparable to or lower than those clinically achievable. The effect may result from a diminished level or function of two transcription factors, c-Myc and Sp1, which are both important for hTERT expression (27, 28) . maintained in RPMI1640. The medium was supplemented with 10% FBS and 100 units/ml of penicillin plus 100 µg/ml streptomycin. Arsenic trioxide, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT), and actinomycin D were purchased from Sigma Chemical Co. (St. Louis, Missouri, USA).
MTT cytotoxicity assay. The viability of cells plated on culture dishes was measured by adding MTT reagent, which was dissolved in PBS, to a final concentration of 0.5 mg/ml. After 4 hours of incubation, cells were solubilized in 0.5 N HCl, 5% Triton X-100, and 45% 2-propanol (final concentration). The intensity of dissolved formazan crystal was measured at 590 nm.
Cytogenetic and telomere fluorescence in situ hybridization studies. Preparations for cytogenetic analysis were made by exposing the cell lines to colcemid at 5 ng/ml for 16− 18 hours to accumulate metaphases, followed by hypotonic treatment at 37°C for 30 minutes, and fixation in 3:1 methanol/glacial acetic acid. Air-dried slides were made and solid-stained for analysis of breakage and fusion rearrangements. Where sufficient material was available, a slide was also G-banded by standard techniques to examine the karyotype of the cell lines, and to identify chromosomes involved in fusion events. Ten to twenty well-spread metaphases were counted and the number of dicentrics, tricentrics, rings, and acentric fragments was recorded. Less commonly observed events, such as chromosomal breakage, multicentric chromosomes, or chromosome end-clusters, were also recorded. Fusion events were calculated as sum of numbers of dicentrics, 2 × tricentrics, and 3 × quadricentrics. Fluorescence in situ hybridization (FISH) was performed on metaphase spread using the peptide nucleic acid-telomere probe (Applied Biosystems, Foster City, California, USA; kindly provided by Carol Greider, the Johns Hopkins University, Baltimore, Maryland, USA) according to the manufacturer's instructions. A normal lymphocyte metaphase control was included on the same slide with the arsenic-treated cells.
Telomerase activity assay. Telomere repeat amplification protocol (TRAP) was implemented with a TRAPeze kit according to the manufacturer's instructions (Intergen Co., Purchase, New York, USA). Five hundred cells were assayed in each sample.
Telomere length measurement. Genomic DNA was digested with RsaI and HinfI, followed by separation on 0.6% agarose gel and hybridization with (TTAGGG) 6 probes.
Real-time PCR. Real-time PCR was performed using 7700 model ABI PRISM sequence detector (Applied Biosystems). The sequences of the forward primer, reverse primer, and TaqMan probe for hTERT were 5′-TACGTCGTGGGAGCCAGAAC-3′, 5′-CCTTCACCCTCGAG-GTGAGA-3′, and 5′-TTCCGCAGAGAAAAGAGGGCCGA-3′, respectively. The sequences of the forward primer, reverse primer, and TaqMan probe for human c-Myc were 5′-TCAAGAGGTGCCACGTCTCC-3′, 5′-TCTTG-GCAGCAGGATAGTCCTT-3′, and 5′-CAGCACAAC-TACGCAGCGCCTCC-3′, respectively. One hundred nanograms total RNA from NB4 cells and 500 ng total RNA from other cell lines were used in 25 µl reaction mixture per well using TaqMan one-step RT-PCR kit (Applied Biosystems). Internal control of human phosphoprotein (huPo) or β-actin tagged with VIC dye (Applied Biosystems) was included in every well as control. The reaction conditions were 55°C for 30 minutes, followed by 95°C for 10 minutes, and 40 cycles of 95°C for 15 seconds and 60°C for 1 minute.
Nuclear run-on reaction. The experiment was performed as described earlier (29) . Twenty-five million freshly isolated nuclei from NB4 cells either treated or untreated with 0.75 µM arsenic for 8 days were used in the reaction. After 20 minutes of in vitro transcription reaction at 27°C, [ 32 P]UTP-labeled RNA from these two populations was treated with DNase I and proteinase K, followed by phenol-chloroform extraction. RNA with an equal amount of radioactivity was added onto nylon membranes slot-blotted with an excess amount of cDNA fragments of hTERT, c-Myc, and huPo. After 40 hours of hybridization at 42°C, the blots were washed and developed.
Plasmid construction and transfection. The insert of pSG5-Sp1 is a 3.1-kb MfeI-SalI fragment of pPac-Sp1 (30). pSG5-Luc was created by subcloning a 1.7-kb HindIIIXbaI fragment of Luc + from pGL3-Basic vector (Promega Corp., Madison, Wisconsin, USA). pMT-Luc and pMT-Sp1 were created by subcloning a 1.7-kb KpnIXbaI Luc + fragment from pGL3-Basic and a 3.4-kb MfeIHindIII Sp1 fragment from pPac-Sp1 into pMT-CB6 + vector, respectively. pHTR-Luc, which contained an 800-bp promoter region of hTERT fused with luciferase gene, is a gift from Riccardo Dalla-Favera (Columbia University, New York, New York, USA) (28) . One hundred thousand NIH-3T3 cells per well were plated into six-well plates 16 hours before transfection. Two micrograms total plasmid was transfected per well using SuperFect reagent (QIAGEN Inc., Valencia, California, USA). Fresh medium with or without 5 µM arsenic was added 3 hours later. Luciferase activity was determined 44 hours after transfection.
Gel shift assay. Nuclear lysate of NB4 cells either treated or untreated with 0.75 µM arsenic for 8 days was extracted and dissolved in 50 mM Hepes (pH 7.8), 50 mM KCl, 400 mM NaCl, 0.1 mM EDTA, 10% glycerol, 3 mM DTT, and protease inhibitor made from 1 complete protease inhibitor cocktail tablet (Roche Molecular Biochemicals, Indianapolis, Indiana, USA) in 50 ml reaction. In 10 µl of binding reaction, 2.5 µl of nuclear extract (0.625 µg for SP1 and 2.5 µg for Oct-1) was incubated with binding buffer containing 4% glycerol, 1 mM MgCl 2 , 0.5 mM EDTA, 0.5 mM DTT, 5 mM NaCl, 10 mM Tris-Cl (pH 7.5), 0.02 N NaOH, and 0.5 µg poly(dI-dC) · poly(dI-dC) with or without corresponding antibody (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) for 30 minutes on ice. End-labeled oligonucleotide was then added and incubated on ice for another 30 minutes before loading on 5% nondenaturing polyacrylamide gel. The sequences of oligonucleotide for Sp1 and Oct-1 binding sites were
Results
Arsenic causes chromosomal end-to-end fusion and diminishes telomerase activity. During our screening for arsenicresistant NB4 clones, cells that remained after a 3-week exposure to 0.75 µM arsenic dramatically enlarged. No clones out of 2 × 10 8 cells survived 1 month of continuous exposure to arsenic at this dose. Karyotyping of these arsenic-treated, morphologically abnormal, enlarged cells showed striking chromosomal end-to-end fusion ( Figure  1, a and b) . From 80 karyotypes, we observed more prominent polyploidy in 32 cells and an average of 2.4 fusion events per cell. The chromosomal fusions are associated with attrition of telomeres, since no signal was seen at the fusion junction in dicentric chromosomes by FISH using a telomerespecific probe (Figure 1d ). In addition, Southern blot analysis of NB4 cells reveals a shortening of telomeres with exposure to arsenic (Figure 1c ). By contrast, untreated NB4 cells showed the characteristic t(15;17) chromosomal translocation without end-to-end fusions or breakage and had a consistent near-triploid range of N = 75−80. Further cytogenetic analysis of NB4 cells and two of its subclones exposed to various doses of arsenic (0.75 µM to 1.0 µM) for 2 weeks showed a doserelated increase of chromosomal end-to-end fusions (data not shown).
Chromosomal end-to-end fusions have been observed in telomerase-deficient murine cells (23) . To determine the basis for the generation of endto-end chromosomal fusions in our experiment, we measured telomerase activity using the TRAP assay in cells exposed to arsenic (19) . Telomerase activity was severely diminished in NB4 cells after 8 days of 0.75 µM arsenic treatment (Figure 1e ), although significant numbers of fusion chromosomes were not observed until 2−3 weeks (data not shown). To determine whether arsenic could inhibit telomerase activity directly in vitro, 10 µM arsenic was added to the TRAP reaction mixture; no effect on telomerase activity was observed (data not shown).
Arsenic decreases hTERT mRNA levels in different cell types. The suppression of telomerase activity by arsenic correlated with a dramatic decrease in hTERT mRNA and protein, indicating that arsenic inhibits the expression of hTERT (Figure 2, a and  b) . Moreover, there is a dose-related suppression of hTERT mRNA expression as measured by real-time PCR (Figure 3a) . In contrast to hTERT mRNA levels, the RNA component of telomerase hTER was elevated in the presence of arsenic (Fig. 2a) .
To determine whether the inhibition of hTERT expression is specific to arsenic, two chemotherapeutic agents, vincristine and doxorubicin, with different well-documented mechanisms of cytotoxicity were tested at concentrations that maintain sufficient cell viability so that cell death is not a confounding factor. Treatment of NB4 cells for 48 hours with 0.075 nM vincristine, 25 nM doxorubicin, or 0.75 µM arsenic resulted in about 80% viability (determined by MTT assay), as compared with untreated control (data not shown). While the cells treated with vincristine or dox- orubicin did not have significant changes in hTERT mRNA level as measured by real-time PCR, arsenic treatment resulted in a marked decrease in hTERT expression (Figure 3b) . Although most cells died at a higher concentration of vincristine (0.25 nM), hTERT mRNA levels remained unsuppressed (data not shown). Furthermore, treatment of NB4 cells at concentrations of arsenic as low as 0.1 µM for 12 days also significantly suppressed hTERT expression (Figure 3a) , demonstrating the potency of arsenic in inhibiting telomerase. To determine whether arsenic could inhibit telomerase expression in other cell lines, HeLa (cervical cancer), HepG2 (hepatoma), LoVo (colon cancer), and MCF7 (breast cancer) cells were tested. After 14 days of exposure to 2 µM arsenic, all cell lines, except for HepG2 (data not shown), had decreased hTERT expression (Figure 3c) . In contrast to HepG2 cells that were inhibited by 30% after 1 week of 2 µM arsenic exposure, there was about 80% growth inhibition in HeLa, LoVo, and MCF7 (determined by MTT assay; data not shown). It is notable that in addition to NB4 cells, arsenic also shortens telomeres in HeLa cells treated with arsenic ( Figure  1c ). These observations suggest a relationship between telomerase inhibition and viability of these cell lines. Hence, inhibition of hTERT expression is relatively specific to arsenic, can be seen in cancer cell lines other than APL, and is not simply due to cell death.
Arsenic inhibits hTERT transcription. Because arsenic inhibits hTERT expression, we sought to determine whether arsenic inhibits transcription of hTERT or shortens the half-life of the hTERT mRNA. The half-life of hTERT mRNA is relatively long (4 hours) and is not shortened by exposure of cells to arsenic (Figure 4a ). Though hTERT expression is low, especially after arsenic treatment, the cycles of threshold (C t ) are still within the linear range of the standard curve of real-
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The (Figure 4c ). These studies indicate that arsenic inhibits hTERT at the transcription level.
Arsenic inhibits c-Myc transcription and Sp1 DNA binding activity. Because the hTERT promoter contains binding sites for c-Myc and Sp1 (32) , and these transcription factors can cooperatively activate hTERT expression (27), we tested whether these transcription factors were affected in arsenic-treated cells. c-myc mRNA and protein levels decreased in arsenic-treated NB4 cells (Figure 2, a and b) . We also observed a decrease in c-myc RNA levels with arsenic exposure in the various cell lines tested, except for HepG2 (Figure 3d and data not shown). Nuclear run-on and RNA stability studies indicate that c-myc transcription is also inhibited by arsenic (Figure 4, a and c) . By contrast, Sp1 mRNA and protein were not changed by arsenic exposure (Figure 2, a and   b ). Another candidate for investigation is p53, which sequesters Sp1 and in turn inhibits hTERT expression (33) . However, in our study, arsenic did not affect p53 mRNA or protein levels (Figure 2, a and b) .
Because Sp1 activates the transcription of both c-myc and hTERT, we sought to determine whether Sp1 activity could be inhibited by arsenic. We performed luciferase assays using NIH-3T3 cells cotransfected with pSG5-Sp1 and a reporter plasmid, pHTR-Luc, which contains an 800-bp hTERT promoter with c-Myc and Sp1 binding sites in it. Overexpression of Sp1 increased hTERT promoter activity fourfold (Figure 5a ). Arsenic significantly inhibited the induction of hTERT promoter by Sp1 (Figure 5a ). This inhibition was not due to an effect of arsenic on the SV40 early promoter in pSG5-Sp1, since arsenic did not inhibit the activity of pSG5-Luc (Figure 5a ). To further substantiate these observations, we have also used a plasmid pMT-Sp1 with the arsenic-inducible sheep metallothionein promoter driving Sp1 expression. In this case, we circumvented any potential inhibition of the promoter by arsenic, and we again observed an arsenic-dependent inhibition of Sp1 induction of the hTERT promoter (Figure 5b) . Hence, arsenic could inhibit Sp1-mediated hTERT transcription at a functional level.
We further observed that Sp1 DNA binding activity was decreased in arsenic-treated cells, as determined by gel shift assays (Figure 5c, left panel) . The transcription factor Oct-1, on the other hand, was minimally affected by arsenic (Figure 5c , right panel), indicating that arsenic exposure does not cause a general decline in transcription factor function. Sp1 DNA binding activity, however, was not inhibited in vitro through the direct addition of arsenic to gel shift assays (data not shown). These observations suggest that arsenic inhibits Sp1 indirectly, perhaps through the generation of reactive oxygen species, which in turn oxidizes and inactivates Sp1 (34) . We surmise that together with the reduction in c-myc gene expression, which also depends on Sp1 activity (35) , decreased Sp1 activity contributes to the marked decrease in hTERT transcription.
Discussion
Pharmacokinetic studies showed that plasma arsenic levels peaked around 7 µM and then dropped to less than 1 µM after daily intravenous infusion into human subjects (6) . These levels are comparable to those used in our in vitro studies, which demonstrate a dramatic inhibition of hTERT expression by arsenic. High levels of arsenic (10 µM for 2 days), however, are thought to induce reactive oxygen species that in turn induce multilocus chromosomal deletion rather than end-to-end fusion (13, 14) . Since chronic arsenic exposure and numerous cell doublings are required for telomere attrition, the cytotoxicity and multilocus deletion occurring after short-term exposure to high levels of arsenic are likely due to alternative mechanisms. Nevertheless, reactive oxygen species might play a role in inhibition of hTERT transcription because of its potential oxidative inactivation of Sp1 (34) . While our findings suggest a role of Sp1 in the inhibition of hTERT expression, the fact that arsenic did not inhibit the SV40 minimal promoter, which contains several Sp1 sites, is seemingly contradictory. Because the SV40 minimal promoter is complex, we do not understand why diminished Sp1 activity would not affect the SV40 promoter in this context. Since we have not exhaustively examined the global effect of arsenic on gene expression, the inhibitory effect of arsenic on other genes may also contribute to the decrease in hTERT expression and telomere maintenance.
An important implication of our finding is that the inhibition of hTERT by arsenic may explain the seemingly paradoxical role of arsenic in tumorigenesis and antitumor therapy. Likewise, telomerase plays a paradoxical role in tumorigenesis. For most advanced tumors, telomere maintenance is essential for continued proliferation and avoidance of senescence (21, 22) . Similarly, the importance of telomerase activity in tumorigenesis is also recapitulated in vivo in telomerase-deficient mice, which have decreased propensity for the tumor development in the p16/p19 ARF -null background (36) . For noncancerous cells, however, loss of telomeres could lead to genomic instability and cancer formation (23−26) . Consistent with this observation is the increased tumorigenesis in mice deficient for both p53 and telomerase (37) . In this case, loss of p53 suppresses apoptosis that is triggered by telomerase deficiency. While our observations suggest that inhibition of telomerase expression by arsenic contributes to chromosomal end-to-end fusions, there may be other mechanisms that contribute to these chromosomal abnormalities. It is unlikely, however, that loss of TRF2, which binds to and protects telomeres, could contribute to arsenic-induced end-to-end chromosomal fusions. Loss of TRF2 would lead to chromosomal end fusions, but in this case telomere length would not be affected. Both our FISH and Southern blot analyses indicate that arsenic shortens telomere length. Thus, inhibition of telomerase expression by arsenic may account for both its tumorigenic potential and its effectiveness as an antineoplastic agent.
